Hot electron and x-ray production from solid targets coated with polystyrene-spheres which are irradiated with high-contrast, 100 fs, 400 nm light pulses at intensity up to 2 ϫ 10 17 W/cm 2 have been studied. The peak hard x-ray signal from uncoated fused silica targets is an order of magnitude smaller than the signal from targets coated with submicron sized spheres. The temperature of the x-rays in the case of sphere-coated targets is twice as hot as that of uncoated glass. A sphere-size scan of the x-ray yield and observation of a peak in both the x-ray production and temperature at a sphere diameter of 0.26 m, indicate that these results are consistent with Mie enhancements of the laser field at the sphere surface and multipass stochastic heating of the hot electrons in the oscillating laser field. These results also match well with particle-in-cell simulations of the interaction.
I. BACKGROUND
Ultraintense laser-matter interactions with solids have attracted attention as a method for the production of bright, ultrafast incoherent x-ray pulses. 1, 2 Interest in production of these short bursts of x-rays is motivated by various possible applications including medical imaging and imaging of biological samples. An important advantage of the short pulse is that it generates a high x-ray yield in a short time which can lead to reduced overall dosage. Other possible applications include the ultrafast probing of atomic structure whereby one could "film" the intermediate processes of a chemical reaction. Employed in combination with large scale implosion machines short pulse laser driven hard x-ray sources can be used to take high temporal and spatial resolution radiographs of hydrodynamic behavior in inertial confinement fusion implosions or other high density hydrodynamic experiments. 3 These x-ray sources result from the production of hot electrons ͑keV to MeV energies͒ which produce bremsstrahlung photons or induce inner shell atomic processes in a solid to produce the x-ray pulse.
To generate efficiently such bright x-rays, intense, short laser pulses ͑Ͻ10 −12 s͒ focused to intensity Ͼ10 17 W/cm 2 are required for the production of the high peak current electron bunches needed for x-ray conversion. Frequently the laser pulses should have high-contrast to prevent the formation of long, lower-density plasma pedestals so that the laser energy is deposited in a high-density plasma. The highdensity allows for rapid electron conduction of the thermal energy and facilitates fast expansion and cooling, thereby shortening the duration of the thermal plasma produced x-ray pulse and optimizing conversion of laser energy to the hottest electrons. Some small prepulse is often helpful, however, in creating a small amount of plasma in front of the target to aid in electron acceleration. 4 A major barrier to coupling laser energy into a dense plasma is that at these high densities the plasma acts as a fairly good mirror. Processes such as resonance absorption 5 and vacuum heating 6 only occur when the angle of incidence of the laser is away from normal and there is a component of the electric field in the direction of the density gradient. This necessitates an off-normal laser angle of incidence which lowers the effective intensity on the target. To circumvent this problem, structured surfaces were suggested as a way to reduce reflectivity and increase absorption.
Over the past decade several experiments have been conducted to study the production of x-rays using targets with surfaces structured at different spatial scales. Murnane et al. 7 studied the effect of nanometer surface structuring on reflectivity and hence absorption into the target. The reflectivity of a flat surface was shown to be 90% at normal incidence. Replacing the plain target with a grating, or covering the surface with gold nanoclusters, reduced the reflectivity at high intensity to 10% and correspondingly the absorption rose from 10% in flat targets to 90% in their structured targets. In these experiments the periodicity of the gratings was smaller than the wavelength, at roughly a half and a third of the wavelength, and the gold clusters consisted of particles of roughly 5 nm size and an average density of 0.3% solid. These targets had a dramatic effect on the emission of thermal plasma generated soft x-rays ͑Ͻ1 keV͒. Gold clusters produced double the x-ray conversion efficiency of the grating ͑25% vs 12%͒ which was in turn much higher than a flat surface ͑0.9%͒. However, the x-ray pulse produced by the gold clusters was longer than the one produced by the grating. These experiments showed that structuring the target increases the resistivity and hence the absorption. Gordon et al. 8 extended these early studies at lower intensity ͑ϳ10 16 W/cm 2 ͒ to include laser intensities up to 10 18 W/cm 2 . They characterized the radiation as nonthermal with two components, one with a characteristic temperature of 700 eV and the other at 3 keV, hinting at the importance of a hot electron component of the absorption. Kulcsar et al. 9 carried out a similar study using nanostructured "velvet" consisting of 10-200 nm diameter, 1 m long metallic fibers protruding from a surface. In these experiments the laser wavelength was 1.054 m, the pulse duration was 1 ps, and the intensity was 10 17 W/cm 2 . They demonstrated increased x-ray production by a factor of 50 over a flat target in the soft x-ray region of ϳ125 eV.
These early experiments concentrated on the production of soft thermal x-rays or K-alpha emission below 2 keV. More recently, hard x-ray ͑Ͼ2-10 keV͒ production from laser irradiated structured targets has come under study. Rajeev et al. 10 used a 100 fs, 806 nm laser with an intensity of 10 15 -10 16 W/cm 2 and demonstrated that a copper surface which was roughened with average features of approximately 0.1 m size increased the yield of hard x-rays ͑in the 30-120 keV photon energy range͒ by a factor of 4 over similar copper targets that have been polished. This increase of x-ray yield occurred without a significant change in effective x-ray temperature. This group also examined x-ray production 11 when they irradiated a copper target covered with copper nanoparticles via a sputtering technique. They created both spherical and elliptical particles of approximately 15 nm size. Elliptical particles produced 13 times the yield produced by a flat surface, and spherical particles produced only 3 times the yield. They attributed this difference to a "lightning-rod" effect and plasmon resonance in the elliptical targets. The lightning rod effect refers simply to the increased electric field found at the vicinity of sharp objects. The plasmon resonance of the particles was shown to peak at certain ratios of the major to minor axis of the elliptical particles. In another paper 12 this group studied the effect of surface-roughness spatial scale on x-ray yield. They observed that increasing roughness size increases the x-ray yield. They also conducted an angular scan of the x-rays and found that the enhancement over a flat surface at angle of maximum yield ͑35°-45°͒ is a factor of 5. They attribute their signal to resonant absorption and the higher energy component to vacuum heating. More recently Gavrilov et al. 13 demonstrated an increase in yield and temperature of hot electrons for flat targets which had been modified with three different methods: etching pyramidal cavities, craters from laser ablation, and a laser induced grating. The x-ray temperatures observed were several keV and temperatures roughly doubled when compared to the flat surface measurements.
Most of these studies have been carried out with targets in which the structures are a few nanometers and are, therefore, much smaller than the wavelength of light. It is well known that particles with sizes comparable to the light wavelength can lead to very large enhancements of the laser field ͑ϳ10-100 times the vacuum field for conducting particles͒ through so-called Mie resonances.
14 Some work toward understanding intense laser interactions with micronscale particles has already been conducted. [15] [16] [17] [18] [19] [20] For example, experiments conducted by Donnelly et al. demonstrated that increased x-ray temperatures were obtained by irradiating wavelength scale droplets when compared to planar slabs. 15 Particle-in-cell simulations of these experiments suggested that not only were field enhancements important but that the heating of electrons that can occur as they pass back and forth through the particle when driven by the oscillating field also plays an important role. Another experiment, undertaken by Symes et al., demonstrated an anisotropy in the energy of ions generated from intense irradiation of wavelength scale droplets. 21 The explanation for the anisotropy was that Mie enhancements in the field surrounding the sphere caused anisotropic heating. However, in both of these experiments a target was employed that was composed of a broad range of particle sizes, so the effects of Mie resonances for particular particle sizes could not be manipulated or observed.
In this paper we report on a set of experiments in which an intense, high contrast 400 nm pulse with under 100 fs duration irradiates arrays of polystyrene particles of single, well-defined sizes deposited on the surface of a planar solid. Unlike previous studies, this approach has allowed systematic study of structure size effects on field enhancements and consequent hot electron generation. We were specifically interested in determining how the Mie enhancements affected hot electron and x-ray production and so measured x-ray signals as a function of sphere size. To achieve this, we irradiated polystyrene spheres of wavelength scale particles that were uniform in size and available in a selection of sizes. We examined hard x-rays with photon energy Ͼ10 keV. By varying the size of these particles we find that an optimum particle size leads to enhanced hot electron production and higher electron temperature. The effect can, in some cases, lead to x-ray yield enhancements of over two orders of magnitude. We attribute this effect to electric field enhancements at the surface of the particle and multiple transit stochastic heating of the electrons.
II. EXPERIMENTAL SETUP AND DETAILS
The schematic of the experiment described here is illustrated in Fig. 1 . We irradiate targets with the THOR laser at the University of Texas, a high intensity Ti:sapphire laser operating at a central wavelength of 800 nm and a pulse duration of 35 fs. 22 At full energy, it is capable of delivering 0.7 J on target at 10 Hz. For reasons explained below we frequency-doubled a portion of the laser with a 50 mm diameter, 2 mm thick potassium dihydrogen phosphate ͑KDP͒ crystal, and were able to deliver 10 mJ of 400 nm light on target with a pulse duration of 100 fs. The beam was reflected off of two dichroic mirrors to remove any residual 800 nm light. Using an f/2.8 parabolic mirror the 400 nm light was focused to a peak intensity of 2 ϫ 10 17 W/cm 2 in a 6 m, 1 / e 2 -diameter focus. The laser frequency was doubled to avoid the generation of a plasma gradient at the target surface from prepulses ͑discussed below͒.
To explore the effects of microsphere size on the strong field interactions with hot electrons, we desired targets with single layers of nearly monodisperse spherical particles deposited on a polished substrate. After extensive trials, we found that the best avenue to achieving such a target was through the deposition of polystyrene spheres on thin smooth targets. In particular, we ultimately fielded targets of polished fused silica ͑and in some cases, not discussed in this paper͒, single crystal silicon slides which were coated with polystyrene spheres. The spheres used were delivered suspended in water in monodisperse solutions from Duke Scientific with diameter variations of 3%-5% for each size. The fused silica slides were found to be the optimum choice of substrates after lengthy trial and error experimentation; a critical factor in determining the deposition quality on the substrate is the surface roughness and the surface adsorption to the liquid used to suspend the spheres. Fused silica slides provided us with an inexpensive substrate which we found allowed good deposition uniformity and sphere adherence. In addition, we imaged through the glass which proved valuable in aligning the sample before each shot.
The silica slides were cleaned with a 2% Hellmanex solution for 15 min in an ultrasonic bath and rinsed in Millipore water; this process was repeated 3 times. We deposited spheres by placing a 20 l drop of the sphere solution on an inclined surface at 9°inclination which was protected from air currents. This technique was adapted from that of Micheletto et al. 23 We modified the technique described in Ref. 11 by replacing the diluting agent used in that paper with ethanol. This provided faster drying time and produced reasonable coverage without the need to have a finely controlled temperature. The optimum dilution ratio of the commercial sphere solution ͑which was typically about 10% polystyrene spheres by volume͒ with ethanol was found to vary with sphere size. We tabulate the optimum dilution ratio for each sphere size employed in Table I .
Each sphere size had its own coating characteristics but in general they could be categorized into two regimes. Spheres greater than 0.5 m diameter form patches of a hexagonally packed monolayers on the silica, illustrated in Fig.  2 . Smaller spheres form a random monolayer of unconnected or multiply connected spheres which cover the surface with a density of 20%-80% for the various sizes, illustrated in Fig.  3 . For the larger spheres we used an imaging system which allowed us to position the laser focus either in the middle of a sphere patch or on bare silica.
To gain information about the hot electron production from irradiation of these targets, we collected data on the hard x-rays which are created by bremsstrahlung in the underlying substrate. If thin target bremsstrahlung is assumed, the x-ray temperature can be directly related to the hot elec-FIG. 1. Experimental set up for irradiation of sphere monolayers with 400 nm intense pulses. The 800 nm pulse is frequency doubled in the KDP crystal and then focused to high-intensity using the parabolic mirror. The BG39 absorbs residual 800 nm light remaining after the KDP crystal. NaI detectors are used to measure the x-ray signal. 
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Hot electron and x-ray production from intense laser… Phys. Plasmas 14, 062704 ͑2007͒ tron temperature. 24 To measure the x-ray signals we employed six NaI detectors shielded in lead housing. All six detectors were placed at close proximity to each other in order to observe at a similar angle through a similar thickness of target chamber material, a Plexiglas vacuum flange. Each detector was filtered with slabs of different thicknesses of copper and stainless steel. The various combinations of filters allowed us to have photon cutoff energies of 23, 31, 40, 52, 65, and 75 keV. The photon energy response of the detectors was calibrated using a multichannel analyzer and known radioactive sources.
III. EXPERIMENTAL RESULTS
With these targets, we first investigated irradiation with the fundamental wavelength of the laser at 800 nm. We conducted trial runs of the experiment focusing a 15 mJ, 800 nm pulse to an intensity of 1 ϫ 10 18 W/cm 2 . In this configuration, however, a 24 ps prepulse at the 10 −4 level was identified using a third-order autocorrelator. To study the effect of this prepulse we conducted an angle scan from which we plotted hard x-ray intensity from a single NaI detector versus angle of incidence using p-polarized irradiation on a planar silica target ͑uncoated with spheres͒. The results, shown in Fig. 4͑a͒ , were typical of resonant absorption with a maximum observed yield occurring at a ϳ15°incidence angle. Using the standard approximations for the scale length of optimum resonant absorption 5 the plasma scale length, ⌬L, can be estimated. This scale length is ⌬L Ϸ͑c / ͒ ϫ͑0.8/ sin ͒ 3 for a laser of angular frequency, , when the angle of maximum absorption is . The data of Fig. 4͑a͒ indicate a plasma scale length of ϳ3.5 m. This suggested that the small spheres would not survive the prepulse of the laser.
To clean this prepulse we chose to double the laser frequency in the KDP crystal and remove the residual 800 nm light, including the 24 ps prepulse, with dichroic mirrors. We repeated that the hard x-ray yield angle scan from an uncoated silica target with the p-polarized frequency-doubled pulse, and observed x-ray yield at photon energy Ͼ20 keV. Those data are illustrated in Fig. 4͑b͒ . In this configuration the x-ray signal peaked near an incidence angle of 55°. When an intense p-polarized pulse interacts with a very sharp density gradient, less than an electron quiver amplitude, we expect that the hot electron production will be predominantly by vacuum heating, often termed Brunel heating. 6 In this regime, hot electrons are pulled from the plasma by the field of the laser, accelerated in vacuum by the laser's field and returned to the plasma surface. The angle of maximum absorption in this case can be found by determining the angle for maximum perpendicular component of the laser electric field at the surface of the target. Since the intensity varies with the focal spot as cos , the perpendicular component of the laser field is E Ќ = E 0 sin cos 1/2 which is maximum at an angle of 55°. We, therefore, concluded that with 400 nm Measured hard x-ray yield as a function of incident angle of the laser pulse when using ͑a͒ 800 nm light, or ͑b͒ 400 nm light to irradiate a planar silica slide. In ͑a͒ the yield is shown for x-rays above 600 keV and the signal peaks near 15°, indicating that resonant absorption dominates the system. This absorption mechanism occurs for longer scale length plasmas and implies the presence of a significant laser prepulse. In ͑b͒ the yield is shown for x-rays above 22 keV and the signal peaks near 55°. This peak emission angle is significantly different than for the 800 nm light and indicates that the system is dominated by vacuum heating.
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pulses at this intensity our interaction qualitatively corresponds to vacuum heating as modeled by Gibbon et al. 25 This indicated that plasma expansion of well under the electron oscillation amplitude ͑ osc ϳ 15 nm͒ occurred and that our pulses would interact with well defined spheres that have not undergone significant expansion prior to the arrival of the peak of the pulse. Furthermore, we simulated the expansion of a spherical plasma using the Medusa 103 Lagrangian hydrodynamic code and confirmed that we expected very little expansion of these small spheres. 26 We compared the x-ray emission from an uncoated silica slide, a silica slide coated with a 0.3 m thick coating of poly͑methyl methacrylate͒ ͑PMMA͒, similar in atomic composition to our polystyrene spheres, and a slide coated with 0.26 m diameter spheres. Comparative hard x-ray yields from these targets are shown in Fig. 5 . At the incidence angle corresponding to the maximum x-ray signal for planar silica targets ͑55°͒ we compared the x-ray signal from the three target types: the signal from the sphere-covered silica was an order of magnitude larger than that of the uncoated silica, which in turn was slightly larger than that from the silica target with a thin PMMA layer. These data indicate that any enhancement that we observe from sphere coated targets cannot simply be attributed to the difference of the type of material on the target surface, which can modify the absorption properties, 20 as the PMMA coated target exhibited yield almost identical to the uncoated silica, while a sphere coated target had a much higher x-ray yield than either.
We measured hard x-ray yield from targets coated with spheres of seven different diameters. We deposited 0.100, 0.260, 0.360, 0.500, 0.744, 1.00, and 2.90 m diameter spheres on silica and took 25-30 laser shots at each size in a single experimental run. These runs were conducted at a normal incidence. At this incidence angle we observed almost no measurable hard x-ray signal from planar silica targets. The measured hard x-ray yield at photon energies greater than 22 keV and 75 keV as a function of sphere size is illustrated in Fig. 6 . We observe a strong dependence of hard x-ray production with the sphere size employed. We observed a clear peak in x-ray production when the 0.260 m spheres are employed. When compared to planar slabs this sphere size gives an enhancement in x-ray yields of Ͼ1000.
Furthermore, we observed an enhancement by a factor of 8 in yield of x-rays Ͼ22 keV from targets coated by 260 nm spheres when compared to the yield from planar targets irradiated at 55°incidence with p-polarization.
At each sphere size, we measured x-ray yield through all six x-ray filters. This allowed us to determine the hot electron temperature. To determine the temperature of hot electrons generated we fit an electron energy distribution to the data using the methodology described by McCall et al. 27 Because we examine hard x-rays being emitted from a thin target, we can assume there is an exponential distribution of the bremsstrahlung x-ray radiation and that the x-ray temperature and the hot-electron temperature are equivalent. 25 The x-ray spectrum is then convolved with the detector response and filter transmission functions. We then found the hot-electron temperature which minimized the error in fit between the data and the implied exponential x-ray spectrum. 
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Hot electron and x-ray production from intense laser… Phys. Plasmas 14, 062704 ͑2007͒ 100 nm, 260 nm, and 1 m spheres. These data are normalized to the yield through the lowest cutoff energy filter. A clear hardening of the x-ray temperature is evident from the slope of the signals when the 100 nm and 260 nm spheres are compared. There is less of a difference in the slope of x-ray yield when 260 nm and 1 m spheres are compared. The hot electron temperature ascertained from these data points for the various sphere sizes is plotted in Fig. 8 as a function of sphere size. The result is that the implied Maxwellian temperature for the hot-electrons also peaked weakly for the 0.26 m spheres. We can conclude that we have observed a sphere size region near 0.26 m where the production of x-rays is optimized. The x-ray yield is larger by a factor of 3 over other sphere sizes, and the temperature of the x-rays is somewhat increased.
IV. DISCUSSION
Our data indicate that the size of the features on the target have a strong influence on the interaction. We believe that the observed dependence with sphere size is the result of Mie enhancements of the laser field which, accompanied by multipass stochastic heating of the electrons, yield significantly enhanced hard x-ray output and temperature. The angle of incidence scan for planar silica ͓Fig. 4͑b͔͒ indicates that we operate in a vacuum heating regime; the laser interacts with a dense plasma with density scale length smaller than the wavelength. In this situation, the average energy imparted to the electrons is on the order of the ponderomotive energy, which for our conditions is ϳ3 keV. We observe, however, average hot-electron temperatures near 20 keV. To accelerate electrons to these energies would require enhancement of the local electric field and/or multiple vacuum heating of the same electrons.
To assess the field generated by the laser at a sphere surface, and the possibility of local field enhancements, we calculated the expected electric field around the spheres assuming a static plasma sphere. Our calculations solve Maxwell's equations in the usual manner for dielectric particles. 28 The Mie model requires inputting the index of refraction of the sphere, which we calculated using a Drude model. To derive information about the density of the plasma spheres under irradiation, we ran the hydrocode, Hyades, and found that an average ionization state of Z Ϸ 3 occurred during the pulse and the bulk plasma was heated to a temperature on the order of a hundred eV. This implied a plasma density of 14 times critical density ͑roughly 3 ϫ 10 22 cm −3 ͒. Using these values for plasma parameters to calculate the index of refraction allows us to calculate the near-field in the vicinity of the sphere. We modeled the field around an isolated sphere using Barber and Hill's 29 code for spherical particles. To get some insight into the extent of field enhancement that occurs on the surface of the sphere, we plot the absolute square value of the electric field around the spheres, a quantity proportional to the ponderomotive energy of oscillating electrons. This quantity has been normalized to the square of the field in vacuum to indicate how much the presence of the plasma sphere enhances the field. The square of the field distribution around a single sphere normalized in this way is shown in Fig. 9͑a͒ . This plot indicates that the field is enhanced by almost a factor of 10 over some surface areas of the sphere.
In order to obtain a closer physical match to our geometry we then explored the electric field resulting from the interaction of many spheres in close proximity. This was done using a code developed by Mackowski et al. 30 We ran the code with many variations spanning our sphere size range and analyzing different orientations of the spheres, including hexagonal close packed formations and random orientations on a plane. The field distribution around a random array of 260 nm spheres is illustrated in Fig. 9͑b͒ . We find that contact between spheres can lead to even greater field enhancements than are possible with an isolated sphere.
Our final approximation involved solving for the field of a sphere on a surface. This problem is analytically tractable for a perfectly conducting surface. In our case, the substrate surface is ionized by the time the peak of the pulse arrives so we expect the surface to be a good conductor. One convenient technique for calculating the field in this case is the method of images. 31 The field around a single sphere on a conducting surface is shown in Fig. 9͑c͒ . These calculations indicated that the field enhancements in the presence of a substrate do not differ significantly from those of an isolated sphere.
For each of these three cases ͑an isolated sphere, a single sphere on a perfectly conducting surface, two spheres in close proximity͒ we found the maximum squared field strength achieved at the highest field point on the surface and plotted this in Fig. 10 as a function of sphere size. For the case of an isolated sphere and a sphere on a substrate, the field peaked at a diameter of approximately 0.1 m. In the case of multiple spheres, we analyzed the field around two spheres of identical size which are placed in close proximity having the line joining their centers in the plane of polarization of the incident field. In this case, the maximum squared field strength was 40 times larger than for isolated spheres. Again the maximum squared field strength peaked, but it was shifted to smaller sphere diameter, 0.07 m. In all of these approximations much of the sphere surface can see effective intensity over ten times the vacuum intensity and small areas see 30 times that of the vacuum intensity. This will lead to greater extraction of electrons and greater acceleration to higher velocity. There is an enhancement of the field with spheres of sizes between 50 and 500 nm with the largest enhancement with ϳ100 nm spheres, close to the size at which we observe the maximum hot electron yield. The fact that we observe the maximum electron enhancement for slightly larger spheres may be a result of the fact that even with the frequency doubled light, some small pre-expansion ͑a few tens of nm͒ of a target will occur prior to the main pulse arrival. Thus 100 nm spheres may be so small that they do not survive completely in the rising laser field. Another possible mechanism for increased electron energy is that of multiple vacuum heating collisions, or stochastic heating. 32, 33 The laser field will accelerate electrons into overdense regions of the plasma sphere where they are shielded from the laser light. During their travel through the sphere the electrons acquire a random phase with respect to the laser. When they re-emerge from the other side, some electrons will be of correct phase to receive a second ponderomotive kick. Under the right circumstances, some electrons can undergo many such vacuum heating passes on each side of the plasma sphere. This multipass heating, first seen in particle-in-cell simulations of Wilks in Ref. 15 and since explored in more detail by Taguchi et al. 34 and Breizman et al., 33 will probably play a role in electron heating from these spheres. In fact, the simulations of Wilks in Ref. 15 showed that micron-scale spheres irradiated by intense 800 nm pulses should exhibit dramatic hot electron temperature increases from this multipass heating. Quantitative analytic estimates for stochastic heating in this multiple-vacuum-pass model were developed for a sphere much smaller than the wavelength by Breizman et al. 33 Though they considered spheres much smaller than a wavelength, the arguments relevant to the electron heating can be qualitatively transferred to a sphere of an arbitrary size. Greschik et al. have shown that this multipass stochastic heating will saturate in small clusters due to outer ionization, 35 however, our wavelength scale spheres are large enough that this saturation should not 
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Hot electron and x-ray production from intense laser… Phys. Plasmas 14, 062704 ͑2007͒ occur. Kishimoto et al. have also considered fast electron ejection from large clusters irradiated at relativistic intensity and have shown that ion expansion plays an important role in the dynamics. 36 In this case hydrogen was considered, while in our experiment, the higher mass constituents of the clusters will limit this expansion. We therefore believe that the arguments of Briezman, of electron stochastic heating from a rigid ion sphere are appropriate.
It turns out that there are competing effects in this stochastic heating as the sphere size is increased. First, to undergo multiple passes in the plasma sphere, the electron must not be stopped in the plasma by collisions. For stochastic heating to initiate, the vacuum accelerated electrons penetrating the sphere must have sufficient kinetic energy to cross the sphere without being stopped by Coulomb collisions with ions in the plasma. Making an estimate for the collisional mean free path, , of electrons colliding with ions using standard Spitzer-type collision formulas, we can estimate the stopping distance as Ϸ 10 12 E 2 / Zn i , where E is the electron energy in eV, Z is the ion charge, and n i is the ion density in number/ cm 3 . For our plasma spheres we estimate = 0.3 m for a ponderomotive energy of 3 keV ͑correspond-ing to our nominal intensity of 2 ϫ 10 17 W/cm 2 ͒. The scattering of electrons inside the larger spheres can thus stop the multiple vacuum heating cycle from initiating for spheres much larger that 300 nm. This will tend to clamp down the production of hot electrons for the larger sized spheres.
On the other hand, with smaller spheres, smaller volume and less efficient stochastic heating ͑see Ref. 33͒ lead to lower hot electron production. Our targets consisted of a two-dimensional surface covered with spheres. For a given substrate area, the surface area of spheres will be constant regardless of the sphere size. One of the features of stochastic heating is that the number of electrons participating in the heating per unit area is proportional to the radius of the sphere. This results in fewer electrons being stochastically heated for the smaller spheres. This effect can be visualized in the following way, if one considers the first bunch of electrons which undergo vacuum heating. As they enter the sphere, they no longer shield the sphere and the laser field can accelerate a new bunch of electrons on the next optical cycle. This process continues until the fastest bunch of electrons emerges at the other side of the sphere. At this stage the high density core of the sphere is effectively shielded from the laser field and no further extraction of electrons can occur. This acts to clamp down the number of electrons heated in the smaller size spheres. It seems that these two effects conspire with field enhancements generated by Mie resonances to produce an optimum in hot electron production with spheres of diameter ϳ260 nm.
To explore the interplay of all of these effects on hot electron production from plasma spheres, particle-in-cell ͑PIC͒ simulations of electron heating were conducted using the Virtual Laser Plasma Laboratory ͑VLPL͒, relativistic parallelized PIC code of Pukhov et al. 37 These simulations assumed a ϳ10 fs Gaussian pulse with 400 nm wavelength incident on a plasma sphere with an intensity of ϳ10 17 W/cm 2 . The plasma sphere was composed of a mixture of carbon and hydrogen ions with an initial electron density 14 times that of the critical density. The effects of ionizations are also taken into account. The square of the dimensionless field around a plasma sphere calculated with this code during the laser interaction is illustrated in Fig.  11͑a͒ . A clear enhancement of the field on the surface of the plasma sphere is evident in this plot. Multipass heating also plays a role in the final electron temperature. Figure 11͑b͒ plots the calculated electron average energy after 40 laser cycles into the interaction. This set of simulations shows that a maximum in the average energy of the hot electrons occurs for plasma spheres of 250 nm diameter. This represents a remarkable agreement with the trend observed in the experimental data.
V. CONCLUSION
In conclusion, we observed that precise control over the microscopic target surface shape allows for control of strong laser field coupling to hot electrons and an enhancement of FIG. 11 . ͑Color online͒ ͑a͒ A plot of the square of the electric field during an intense pulse interacting with a 250 nm plasma sphere as found from the PIC simulations. The enhanced field near the surface of the plasma sphere is readily apparent. ͑b͒ A plot of the average hot electron energy in the PIC simulation well after the pulse has passed. The electron energy has been normalized.
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Sumeruk et al. Phys. Plasmas 14, 062704 ͑2007͒ hard x-ray production. This control is demonstrated by the resonance-like behavior in the production of x-rays found for fused silica slides covered by spheres of 0.26 m. By choosing spheres with a diameter roughly half that of the laser wavelength, the combination of field enhancements from Mie resonances and efficient stochastic heating of the electrons leads to a substantial increase in hot electron number and an increase in electron temperature. This surface field control is a way to enhance x-ray yield for laser based x-ray sources with a simple alteration to the target.
